Microscopic observation of intramural nerves in the frog esophagus, fixed and stained with OsO4 and ZnI2, revealed that nerve cell bodies and bundles connecting the nerve cell bodies formed loose and irregular networks. The nerve cell bodies were mostly lying singly in the nerve bundles, with occasional observations of two closely linked nerve cell bodies. Isolated circular and longitudinal segments of esophageal muscle were spontaneously rhythmically contractile, with a frequency of 2.2-3.0 per min. This was not altered by tetrodotoxin (TTX). In longitudinal muscle segments, transmurally applied electrical stimulation produced contractile responses which were not inhibited by atropine or guanethidine, but were reduced in amplitude by TTX, suggesting a nonadrenergic-noncholinergic (NANC) excitatory innervation in the esophagus muscle. In circular muscle segments, transmural application of brief electrical stimulation evoked two types of mechanical response: a biphasic response consisting of an initial relaxation and a following contraction (type I) and a contraction alone (type II). These mechanical responses were not modulated by either atropine or guanethidine. In the type I response, TTX abolished the relaxation component, suggesting that this was produced by non-adrenergic non-cholinergic (NANC) inhibitory nerve excitation. In about half of the type II responses, the amplitude of the contraction was significantly reduced by TTX, suggesting that a part of the contraction was produced by activation of NANC excitatory nerves. Thus, the esophageal smooth muscle of the frog demonstrates myogenic activity, and is innervated by both excitatory and inhibitory NANC nerves.
Introduction
The distribution of striated and smooth muscle in the vertebrate esophagus is reported to vary between species, with the entire esophagus in amphibians, birds and reptiles having only smooth muscle (Oppel, 1897) . However, no further investigation has been reported on the morphology of amphibian esophageal muscle. I have previously described that in the frog the Correspondence to: Masahide Yoshida, PhD, Laboratory of Physiology, Faculty of Health and Social Work, Kanagawa University of Human Services, Heisei-cho 1-10-1, Yokosuka 238-0013, Japan Phone: +81-46-828-2749 +81-46-828- Fax: +81-46-828-2749 external muscle coat of the upper half of the esophagus had several collagen-coated bundles of striated muscle fibers around the circumference and that these striated muscle bundles ran longitudinally from the pharynx to the vicinity of the center of the esophagus (Yoshida, 2001 ).
Intramural neurons may be important for the control of gastrointestinal tract motility, including that of the esophagus (Christensen, 1975 : Bieger, 1993 : Neuhuber et al., 1994 : Richards and Sugarbaker, 1995 : Kuramoto et al., 1996 : Shochina et al., 1997 , Storr et al., 2001 . Gunn (1951) studied the morphological features of the intramural nervous system of the frog esophagus. However, there do not appear to have been any further reports on the morphology of the intramural nervous system of the frog. Information on the morphological features of the intramural nervous system of the frog esophagus thus remains scarce. Moreover, the relationship between the activity of the esophageal muscle and intramural nerves of the frog is apparently unknown. Therefore, in this study I have investigated the microscopic distribution of the intramural nerves of the frog esophagus as well as the function of these nerves in the isolated frog esophagus.
Materials and methods

Animals
African clawed frogs, Xenopus laevis, male and female, weighing 45-55 g, were used.
Microscopic observation of intramural nerves
The spinal cords of the frogs were disrupted by inserting a needle through them. The upper alimentary canal from the pharynx (together with part of the buccal cavity) to the stomach was quickly excised, and adherent tissue around the preparation was carefully removed in an organ bath containing Ringer solution gassed with 95% O2 and 5% CO2 using a pair of scissors and forceps. The preparation was then immersed for 30 min in the Ringer solution containing nifedipine (1×10 -6 M; final concentration in bath), a calcium antagonist, in order to relax the muscle of the esophageal wall. The preparation was then distended by inserting a glass rod (diameter, 7 mm) into the lumen. Moreover, a portion of the pharynx and the esophago-gastric junction were tied to the glass rod using thread. The preparation was then immediately fixed and stained according to the osmium tetroxide zinc-iodide method (Sutherland, 1963) for a period of 2 hours. The following solutions were prepared for this method: 1) 0.5 g of OsO4 was dissolved in 25 ml of distilled water; and 2) 2.25 g of ZnI2 was dissolved in 75 ml of distilled water and this solution was filtered. These solutions were mixed immediately before use. The preparations were removed from the glass rod and again fixed and stained for a further 2-3 hours in the solution described above. The preparation was then cut at the the positions where they had been tied with thread, and any remaining oral and gastric tissue was excised.
The remaining tissue comprised the esophageal preparation, and this was then slit open longitudinally. The mucosal layer of the preparation was carefully scraped off using a pair of scissors and forceps. The preparation was then briefly washed in distilled water, expanded evenly and mounted in glycerin, and viewed through a photomicroscope in order to observe the distribution of intramural nerves in the esophagus.
Relationship between activity and intramural nerves of esophagus
The esophagus was quickly excised from frogs sacrificed as described above, and immersed in Ringer solution. In order to investigate the activity of the longitudinal muscle (LM), muscle strips (4-5 mm wide) were prepared by cutting longitudinally from the entrance of the esophagus to its terminus. In order to investigate the activity of the circular muscle (CM), cylindrical segments (3-5 mm wide) were prepared from the upper and lower halves of the esophagus. Part of each cylindrical preparation was longitudinally incised (in the direction of LM), thereby giving strips in the direction of the CM. Each strip was immersed in an organ bath containing Ringer solution maintained at 25°C and bubbled with 95% O2 and 5% CO2 (pH 7.4). The composition of the Ringer solution was as follows: 81.74 mM NaCl, 3.35 mM KCl, 2.50 mM CaCl2, 1.20 mM NaH2PO4, 30.00 mM NaHCO3 and 5.50 mM glucose. For LM preparations, the gastric end of the strip was fixed at the bottom of chamber with pins and the pharyngeal end tied by a silk thread and connected to the lever of the force displacement transducer. For CM preparations, one end of the strip was fixed at the bottom of chamber with pins and the other end was tied with silk thread and similarly connected to the lever of the force displacement transducer. The mechanical responses of each strip, i.e., spontaneous activity and responses evoked by transmural electrical stimulation, were recorded isometrically, under a load of 1g. Two platinum plates (5 mm × 5 mm) were used as stimulus electrodes; one electrode was placed on the serosal side of the preparation and the other was placed on the mucosal side, as previously described (Yoshida and Ishiura, 1981) . The distance between the preparation and electrode on the mucosal side was approximately 2 mm. The electrode on the serosal side was placed so that it nearly touched the preparation. Preparations were subjected to electrical stimulation (ES) with rectangular pulses (40 V, 1-4 Hz) of 0.5 ms in duration, with a constant pulse number of 60. Owing to the long chronaxie (50-100 ms) of the smooth muscle membrane, electrical pulses of short duration (e.g., 0.6 ms) could preferentially stimulate intramural nerve fibers (Paton, 1975) . Responses due to direct stimulation of muscle cells can be distinguished from nerve-mediated response by treating the preparations with the nerve poison tetrodotoxin (TTX), which interferes with the action potential generated by nerves, but not those of muscle cells (Kao, 1966) . Drugs used were atropine sulfate, guanethidine sulfate, hexomethonium bromide, tetrodotoxin (TTX) and d-tubocurarine chloride hydrate. Drug concentrations are given in the "Results" section as final values in the organ bath.
Results
Observations of intramural nerves of the esophagus
Using the osmium tetroxide zinc-iodide method (Sutherland, 1963) , the intramural nerves of the frog esophagus were uniformly stained black. These intramural nerves were observed in the layer between the yellowish brown stained LM and CM layers (Fig. 1) . The longitudinal and lateral strips shown in Fig. 1 are the LM layer and CM layer, respectively. Beneath the muscles and nerves was a mucosal layer, which was stained deep black. This mucosal layer was scraped off, as stated in the "Materials and Methods" section. The significant feature of the intramural nerve plexus of the esophagus were the nerve cell bodies (Fig. 1 ). The nerve cell bodies and the nerve bundles connecting them formed a loose and irregular network (Fig. 1) . Nerve cell bodies typically lay singly in the nerve bundles ( Fig. 1 ; 1, 2, 4), either on the edge of the nerve bundles, or close to the nerve bundles ( Fig. 1; 4) , although two closely linked cells were occasionally observed ( Fig. 1; 3) . The nerve bundles usually entered a thick nerve trunk proceeding towards the stomach ( Fig. 1; 4 ). This network can be considered to correspond to a type of ganglionated plexus.
Effects of tetrodotoxin on spontaneous activity of the smooth muscle of the frog esophagus
The LM strip preparations evoked spontaneous activity. The activity varied between preparations and could be classified into three types; contractions with irregular amplitude ranging from 15 mg to 300 mg and 2.2-3 per min frequency ( Fig. 2: A-1), contractions with irregular amplitude ranging from 30 mg to 430 mg and 1-2 per minute frequency ( Fig. 2: A-2), and contractions with relatively regular amplitude ranging from 200 mg to 350 mg and with a frequency of 2.6-3 per minute ( Fig. 2: A-3) . The nerve poison TTX had almost no effect on these spontaneous activities (Fig. 2-B) . The spontaneous activity of the CM was similar to that of the LM (data not shown). TTX also had little effect on the spontaneous contractions.
Mechanical response of LM strip preparations to electrical stimulation
The effects of change in frequency of electrical stimulation on the mechanical responses were observed in LM strip preparations. The esophageal muscle contracted in response to electrical stimulation, with an amplitude which changed in a biphasic way, with an increase in the 1-2 Hz frequency range and a decrease in the 3-4 Hz frequency range (Fig. 3) . Any further increase in the stimulus frequency resulted in a decrease in the amplitude of contractions. Therefore, muscle strip preparations were stimulated at a frequency of 2 Hz.
Effects of chemicals on mechanical responses of longitudinal muscle strip preparations induced by electrical stimulation
The effects of atropine, guanethidine, hexamethonium, TTX and tubocurarine on contractile responses evoked by electrical stimulation (rectangular pulses of 40 V intensity, 0.5 ms duration, 60 pulses at 2 Hz frequency) were examined in longitudinal muscle strip preparations. Atropine (a muscarinic receptor antagonist, 1×10 -6 M), guanethidine (an adrenergic neuron blocker,
1×10
-5 M) and hexamethonium (a nicotinic ganglionic blocker, 1×10 -4 M) were not effective in inhibiting the contractile response (Fig. 4, Table 1 ). However, the amplitude of the contractile response was significantly reduced by 1×10 -6 M TTX (Fig. 4, B ; Table 1 ). The reduction in amplitude of the contractile response by TTX suggests that the contractions evoked by electrical stimulation were partly produced by transmitters released in response to the excitation of intramural nerves. Tubocurarine (1×10 -5 M) did not show any inhibitory effects on the contraction produced by electrical stimulation (Table 1) .
Responses of circular muscle strip preparations to electrical stimulation
In circular muscle preparations, three types of response were evoked by electrical stimulation with 60 pulses at 2 Hz frequency (Fig. 5) . In a group of muscle preparations, application of electrical stimulation evoked a biphasic response, an initial relaxation with a following contraction (type I response, Fig. 5, 1) . Another group of muscle preparations produced a contraction with single peak, in response to electrical stimulation (type II; Fig. 5, 2) .
The remaining preparations (n = 2) exhibited a triphasic response, with an initial contraction, followed by a relaxation, and then a further contraction in response to electrical stimulation (type III, Fig. 5, 3) . In circular muscle strip preparations, those obtained from the upper half of the esophagus showed type I, type II and type III responses in 6, 7 and 2 of 15 strip preparations respectively, while those obtained in the lower half of the esophagus, the number of responses belonging to the type I, type II and type III responses were respectively 7, 7 and 1 of 15 strip preparations. Thus, no significant regional difference in the population of the type of responses was found between lower and upper halves of the esophagus.
Effects of atroine, guanethidine, hexamethonium and TTX on contractile responses of circular muscle strip preparations induced by electrical stimulation
As the responses of circular muscle strip preparations to electrical stimulation were predominantly type I or type II, the effects of atropine, guanethidine, hexamethonium and TTX on both of these contractile types of response were examined. Atropine (1×10 -6 M) and followed by a relaxation, and then a further contraction in response to electrical stimulation (type III, Fig. 5, 3 ). In circular muscle strip preparations, those obtained from the upper half of the esophagus showed type I, type II and type III responses in 6, 7 and 2 of 15 strip preparations respectively, while those obtained in the lower half of the esophagus, the number of responses belonging to the type I, type II and type III responses were respectively 7, 7 and 1 of 15 strip preparations. Thus, no significant regional difference in the population of the type of responses was found between lower and upper halves of the esophagus.
As the responses of circular muscle strip preparations to electrical stimulation were predominantly type I or type II, the effects of atropine, guanethidine, hexamethonium and TTX on both of these contractile types of response were examined. Atropine (1×10 -6 M) and guanethidine (1×10 -5 M) had almost no effect either type I or type II response in all 10 preparations (Fig. 6, A and B) . In 10 preparations, TTX (1×10 -6 M) abolished the initial relaxation response in the type I response (Fig. 6, C and D) . TTX reduced the amplitude of the contractile response in 7 of 15 preparations, but did not show any inhibitory effects on the remaining preparations (Fig. 6, E 10 56 ± 13*** Muscle preparations were stimulated with rectangular pulses (40 V intensity, 0.5 ms duration, 60 pulses at 2 Hz frequency). Effects of drugs were observed at 30 min after application. N = number of preparations examined. Each value represents the mean ± S.D. ***: Statistically significant difference compared to control (P < 0.001). 
Discussion
Gunn (1951) has described the morphological features of the intramural nerves of the frog esophagus as follows: the nerve plexus in the esophagus is formed by the splitting of the main vagal trunks, and these subdivisions occasionally reunite in a loose and irregular structure. The nerve cell bodies often lie singly, either in the nerve bundles, on the edge of, or close to the bundles. The nerve cell axons usually enter the main nerve trunk proceeding towards the stomach. In the present study, using the osmium tetroxide zinc-iodide method (Sutherland, 1963) , intramural nerves of the esophagus of the frog were uniformly stained black. These intramural nerves were observed in the layer between the longitudinal and circular muscles.
The significant feature of the intramural nerve plexuss of the esophagus consisted of nerve cell bodies, and these nerve cells and their nerve bundles formed a loose and irregular network. The nerve cell bodies were arranged singly in the nerve bundles, on the edge of the nerve bundles, or close to the nerve bundles. These observations are consistent with those observed by Gunn (1951) . However, two closely linked nerve cell bodies were occasionally observed, and the nerve bundles entered a thick nerve trunk proceeding towards the stomach. This thick nerve trunk may be the main nerve-trunk, as described by Gunn (1951) , and the network is considered to correspond to a type of ganglionated plexus.
Strip preparations of esophageal muscle exhibited spontaneous activity, which was classified into three patterns. Although no causal relationship between the patterns of spontaneous activity and region of muscle in esophagus, none of these activities were modulated by TTX, suggesting that the activity was myogenic in origin. This spontaneous activity was observed to have similar properties in both circular and longitudinal muscle strip preparations, suggesting that both muscle layers have similar pacemaker cells in the frog esophagus.
In the longitudinal muscle preparations, electrical stimulation produced contractile responses which were reduced in amplitude by TTX but not by atropine and guanethidine.
These results suggest that the TTX-sensitive component of the contraction is not produced by adrenergic and cholinergic nerve excitations. These observations agree with the previous reports showing that the transmitter substance of excitatory nerves distributed in the frog intestine is an unidentified substance, other than acetylcholine (Vogt, 1948 (Vogt, , 1953 Hukuhara, 1972) . The amplitude of contractions produced by electrical stimulation was also unaffected by hexamethonium, suggesting that the unidentified excitatory nerves are postganglionic in nature.
Thus, it is likely that nonadrenergic-noncholinergic (NANC) excitatory nerves are distributed in the frog esophagus. NANC nerves are reported not only to be distributed in smooth muscle of the mammalian alimentary tract (Burnstock et al., 1966; Ohga et al., 1970) , but also in the feline trachealis (Fisher et al., 1993) , the mammalian bladder (Creed et al., 1994) , rat blood vessels (Holzer et al., 1995) , the pig urethra (Werstrom et al., 1997) , the bovine uterus (Taneike et al., 1999) , in rabbit colonic muscle (Koelbel et al., 1989) , in the myometrium of the little bat (Buchanan and Garfield, 1990) , in the mammalian myometrium (Creed et al., 1994) and the bovine uterus (Taneike et al., 1999) . The present results demonstrate that NANC excitatory nerves are also present in the frog esophagus. I have previously reported that the external muscle coat of the upper half of the frog esophagus has several collagen-coated bundles of striated muscle fibers around the circumference, and that these striated muscle bundles ran longitudinally from the pharynx to the vicinity of the center of the esophagus (Yoshida, 2001 ).
These collagen-coated bundles of striated muscle fibers are apparently independent of the contractile response induced by the present stimulation, as tubocurarine showed little inhibition of this contractile response.
In circular muscle strip preparations, three types of response were evoked by electrical stimulation. No causal relationship between the region from which the muscle strips were taken and the type of response evoked, as similar responses were evoked by electrical stimulation in muscle strip preparations isolated from either the upper or lower halves of the esophagus. The predominant responses evoked by electrical stimulation were type I and type II. Both of these responses were not altered by either atropine or guanethidine, suggesting that neither adrenergic nerves nor cholinergic nerves are functioning in the circular smooth muscle of the frog esophagus. Investigation using TTX revealed that the relaxation component of the type I response alone is a neurogenic response. These results suggest that the relaxation response is produced by NANC inhibitory nerve excitation. NANC inhibitory nerves have been reported to be present in the guinea-pig caecum (Burnstock et al., 1966) , the dog stomach (Ohga et al., 1970) , the opossum esophageal sphincter (Daniel et al., 1989) , the human uterus (Jones et al., 1997) and the monkey uterus (Kuenzli et al., 1998) . The present experiments have demonstrated that functional NANC inhibitory nerves are distributed in the frog esophagus.
In the circular muscle strip preparations, the amplitude of the type II contractile response was reduced by TTX in 7 out of 15 preparations. The preparations with the TTX-sensitive component may have NANC excitatory nerves, while those without may have no functional distribution of NANC excitatory nerves in the frog esophagus. This suggests that in the frog esophagus, the distribution of NANC excitatory nerves is not homogenous. As the mechanical responses of circular muscle evoked by electrical stimulation were all insensitive to hexamethonium, it is likely that the NANC excitatory and inhibitory nerves are postganglionic in nature.
Owing to the long chronaxie (50-100 ms) of the smooth muscle membrane, electrical stimulation with short pulse duration (e.g., 0.6 ms) preferentially stimulates intramural nerve fibers (Paton, 1975) . In the present study, the duration of pulses for the electrical stimulation was as short as 0.5 ms. These stimulations are likely to be selective excitation of intramural nerves. However, the evoked responses involved TTX-resistant components, suggesting that the applied electrical stimulation excited not only intramural nerves but also smooth muscle cells. These results suggest that in the frog esophagus, there is a small difference in the chronaxie of the membrane between nerves and muscle cells.
In several types of smooth muscle tissues, substances such as substance P and ATP have been postulated to be the mediator of NANC excitatory nerves (Burnstock et al., 1970 : Koelbel et al., 1989 . Nitric oxide (NO) and vasoactive intestinal peptide (VIP) are known as the transmitter substances released from NANC inhibitory nerves (Daniel et al., 1989 : Desai et al., 1991 : Bayguinov et al., 1999 . Further study is required to elucidate the transmitter substances released by NANC excitatory and inhibitory nerves in the smooth muscle of the frog esophagus.
